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ABSTRACT 
Sprayed, steel fibre reinforced concrete (SSFRC) is a material that tends to present 
anisotropy. The shearing conditions of the spraying process induce preferential fibre 
orientation. Despite the extensive use of the material, no study has been found about the 
assessment of fibre distribution and its influence on the residual tensile strength of 
SSFRC. The objective of this work is to address such issue from a quantitative 
standpoint. An experimental program was performed with specimens extracted from 
different directions within a SSFRC panel. The fibre content and 3D orientation were 
quantified for each specimen using the inductive method. Then, the tensile behaviour was 
indirectly assessed for the same specimen through the Barcelona test. Results confirm 
the high level of anisotropy of SSFRC. The fibre orientation number parallel to the 
spraying direction is 3 times bigger than that found in the perpendicular direction. Similar 
differences were observed between the residual tensile response measured in those 
directions. Comparison of test results suggest that the preferential fibre orientation 
creates weaker planes that favours the increase of crack opening at lower load levels. 
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1. INTRODUCTION 
Since the early studies about fibre reinforced concrete (FRC), researchers have 
put forward the existence of preferential fibre orientation in the matrix. In probably 
one of the first references specifically addressing the phenomenon, Edgington 
and Hannant [1] indicated that fibres tend to align in planes at right angles to the 
direction of vibration or gravity. Nowadays, extensive research is available on the 
subject, showing that fibre orientation is also affected by the fresh-state 
properties of concrete, the wall-effects of the formwork, the casting procedure 
and the flow paths [2]–[6].  
 
The high interest about fibre orientation does not arise merely from a scientific 
perspective. A clear link exists between this parameter and the residual tensile 
strength of FRC. In fact, studies reveal variations of up 3 times in the post-
cracking performance of specimens depending on how they are produced and 
how this modifies fibre orientation in concrete [2], [7], [8]. The solid experimental 
evidence has led to the inclusion of special considerations in the most recent 
codes for the design of FRC structures. For example, the Model Code 2010 
includes a coefficient that should be applied to account for fibre orientation in the 
design [9], [10]. As existing codes are updated, similar considerations are likely to 
be implemented. 
 
The main fields of application of FRC in terms of volume consumed per year are 
pavements and underground constructions. In the latter, precast elements for 
lining and sprayed concrete comprise almost the totality of uses [11]. In the 
spraying process, concrete is pumped through a pipe, exits a nozzle at high 
speed and impacts over a surface. Part of the material rebounds (mainly coarser 
aggregate and fibres) and part consolidates over the surface, forming a hardened 
layer that might have structural responsibility. The shearing conditions applied to 
FRC in the process should have a direct influence on fibre orientation and, 
hence, in the mechanical performance of the structure. 
  
In contrast with the widespread knowledge available for poured FRC, few studies 
from the literature address the influence of the spraying process in the fibre 
distribution. Armelin and Helene [12] remark a big variability in the fibre content of 
sprayed concrete, which is attributed to the rebound of fibres. Robins et al. [13] 
and Banthia et al. [14] found that the spraying process induces an alignment of 
fibres in a direction approximately parallel to the spraying surface and concluded 
that the sprayed FRC should, therefore, display high anisotropy in the residual 
tensile behaviour. Yet, this anisotropy has not been quantified for sprayed FRC. 
Such lack of experimental evidence may hinder the optimized and safe design of 
structures made with sprayed FRC in line with the most recent design codes, 
limiting the potential use of the material.  
 
The objective of the present work is to assess the fibre distribution and its 
influence on the anisotropy of the residual tensile behaviour of sprayed, steel 
fibre reinforced concrete (SSFRC). An experimental program was performed with 
specimens extracted from different directions within a SSFRC panel. The fibre 
content and 3D orientation profile were quantified for each specimen using the 
inductive method. Then, the tensile behaviour was indirectly assessed for the 
same specimens through the Barcelona test. Finally, relations between both test 
results were established. Conclusions derived from this work contribute to the 
knowledge about scarcely studied aspects of SSFRC, providing reference data 
for future research and for the consideration of the structural responsibility of the 
material in codes and guidelines. 
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2. MATERIALS AND METHODOS 
2.1. Spraying process and extraction of cores 
The production of SSFRC specimens imply the use of heavy spraying equipment 
and of significant amount of concrete. To emulate the conditions found in 
practice, an Aliva 503 wet-mix spraying robot was used. The production occurred 
in wintertime during the construction of a bi-layer diaphragm wall described in 
[15], [16]. The concrete had the following composition: 450 kg/m3 of cement 
(CEM I 52.5 R), 180 l/m³ of water, 300 kg/m³ of 4/12 limestone aggregate, 975 
kg/m³ of 0/4 sand, 355 kg/m³ of 0/2 corrector sand, 1.5% by cement weight (bcw) 
of nano-silicca, 1.5% bcw of superplasticizer and 30 kg/m³ of DRAMIX RC-65/35-
BN fibres. The nano-silica was added to enhance the pumpability and the water-
tightness of the hardened sprayed layer. Steel fibres had hooked ends, 35 mm of 
length and approximately 0.54 mm of equivalent diameter. 
 
The spraying was performed in 2 metallic moulds with 100x80x15 cm that 
followed the requirements and the shape specified in UNE-EN 14488-1:2006 
[17]. The moulds were placed over the levelled floor at an angle of 20° with the 
vertical wall, in accordance with the recommendations from same standard. In 
total, 2 panels were produced with the same batch of concrete. One was used for 
the control of compressive strength and the other, for assessment of fibre 
distribution, fibre content and residual tensile behaviour. After spraying, the 
concrete was kept in the moulds for 24 hours. During this period, the exposed 
surface of the panels was periodically wetted to reduce the loss of water due to 
evaporation. After that, the panels were taken to the lab, where they were taken 
from the moulds and prepared for the extraction of cores.  
 
Cores for the assessment of fibre content and orientation were extracted with the 
distribution schematically represented in Fig. 1. The edges of the panel were 
trimmed off (see Fig. 1a: Mould boundary). These trimmed parts did not have 
enough thickness and were not suitable for the experimental program due to the 
negative influence of the sloped edges of the moulds over the quality of the 
sprayed concrete. The panel was further cut into three blocks to facilitate the core 
extraction from different directions. Fig. 1a shows the panel after the cutting 
process. 
 
Cores were extracted using a cylindrical drill bit with 100-mm nominal external 
diameter and 93-mm internal diameter. The extraction was performed in the three 
main directions of the panel (Fig. 1b). Cores S1 to S14 were aligned with the 
spraying direction. Cores P1 to P6 were perpendicular to the spraying direction 
and aligned with the side of the panel that was almost vertical during the spraying 
process. Those labelled P7 to P13 were perpendicular to the spraying direction 
and aligned with the side of the panel that was horizontal during the spraying 
process. 
 
All cores were further cut perpendicular to their axis in order to achieve 
specimens with height-to-diameter ratio of 1. As shown in Fig. 1c, two specimens 
were obtained per core, with the remaining part of the core being discarded to 
mitigate the influence of the final stage of the spraying process. A letter was 
added to the label of each of the specimens obtained: “a” for the one closer to the 
bottom or lateral surface (Exterior) of the mould and “b” for the remaining part 
(Top and Interior). Finally, randomly oriented local axes were marked, indicating 
two orthogonal directions (i and j) and the bisector of them (ij). For convention 
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purposes, the local axis parallel to the centreline of the cylindrical specimen is 
indicated by the letter k. 
 
 
Fig. 1 a) General view of panel after cutting; b) Schematic of the core extraction 
directions; c) Schematic of Core preparation. 
 
Some of the specimens were used for test trials or had to be discarded due to 
problems detected during extraction and cutting. From the specimens finally used 
in the experimental program, 8 were in the spraying direction (S02a, S02b, S03a, 
S03b, S10a, S10b, S11a and S11b) and 6 were perpendicular to this 
direction (P04a, P04b, P06a, P06b, P07a and P07b). 
 
2.2. Fibre content and orientation evaluation 
Some studies [13], [18], [19] consider the fibre orientation in FRC through the 
parameter NA, which represents the number of fibres per unit of area crossing a 
given plane. As shown in Eq. 1, NA depends on the volume of fibres in the 
concrete mix (Vf), the cross-sectional area of a single fibre (Af) and a coefficient 
(β) related with the fibre orientation, also known as “fibre efficiency factor”. The 
coefficient β ranges from 0, when all fibres are perpendicular to the assessed 
direction, to 1, when all the fibres are aligned with the assessed direction. A 
random 3D distribution of fibres was reported to have β going from 0.2 to 0.4.  
 
f
f
A A
V
N β=  Eq. 1 
Other researchers [5], [6] define the parameter ω  to account for the degree of 
anisotropy of fibre distribution. ω is 0 in case of perfect isotropy and equal to 1 if 
all fibres are perpendicular to the plane under evaluation. In more recent studies 
[20]–[22], the fibre distribution was assessed through the orientation number (ηn). 
ηn is calculated as the average of the cosine of the angle formed between each 
fibre from the sample and a line parallel to the direction n. Strong evidence 
suggests a proportionality between ηn and the post-cracking strength of the FRC 
for the same fibre content [20]–[22]. 
 
The experimental assessment of fibre orientation and content was traditionally 
conducted either by counting of fibres at cut cross-sections or by the analysis of 
X-ray images of the specimens [13]. Nowadays, simpler and cheaper alternative 
methods are available for the same purpose [23]. The Inductive Method 
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developed by Torrents et al. [24] and improved by Cavalaro et al. [25], [26] was 
selected in the present study. This non-destructive method has been successfully 
applied to assess fibre orientation and fibre content of cores extracted from real-
scale structures [3], [27]. 
 
The setup for the test followed the description in [25]. It consisted of a cylindrical 
coil made with copper cable that was connected to an inductance meter. A 
constant electric current was applied to the cooper cable, thus generating a 
magnetic field inside the coil. When steel fibres are placed inside the coil, 
changes are observed in the magnetic field and the inductance measured. Such 
changes were evaluated in four directions: one parallel (local k-axis) and three 
orthogonal (i-axis, j-axis and ij-axis) to the centreline of the specimen.  
 
These measurements were used in the equations deducted by Cavalaro et al. 
[26] to estimate the fibre content and the orientation number at the k-axis and at 
any direction contained in the ij plane. Equations proposed in [26] were also used 
to estimate the maximum and the minimum orientation numbers (ηmin and ηmax, 
respectively) in the local ij plane, as well as their position.  
 
Furthermore, Cavalaro et al. [26] defines a parameter to evaluate the level of 
anisotropy (ΩL) in the ij plane, which is calculated according with Eq. 2. A ΩL of 1 
indicates a perfectly isotropic fibre distribution, whereas a ΩL of 0 indicates a 
perfectly anisotropic fibre distribution. By generalizing this concept, the global 
isotropy factor (ΩG) may be obtained as the ratio between the minimum ηmin and 
the maximum ηmax from all possible planes crossing the sample. Since only the 
orientation along the k-axis and in the ij plane are measured in the cylindrical 
specimens, the simplified assessment of ΩG through Eq. 3 is adopted in the 
present study. 
 
 
max
min
η
η
=ΩL  Eq. 2  
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k
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ηη
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2.3. Residual tensile strength evaluation 
The bending tests of prismatic beam under a 3-point [28] or 4-point [29] loading 
configuration is the most widespread procedure used to assess the residual 
(post-cracking) tensile behaviour of FRC. The test of centrally loaded square [30] 
or rounded [31] panels is also used, especially for the characterization of sprayed 
FRC layers [32]. Due to the size of the specimens used in those tests, between 
30 kg and 80 kg of concrete are required for each determination. Therefore, in 
case either of these tests was selected to assess the anisotropy, a bigger amount 
of material would have to be produced in order to extract elements with the 
required size from different directions. Besides, the shape of the specimens 
would significantly complicate the extraction process. 
 
Recently, two more compact methods have been proposed to evaluate the 
residual tensile behaviour of FRC: the Barcelona test (BCN) [33] and the Double 
Edge Wedge test (DEWS) [34]. The former is a double punch test standardized 
by UNE 83515:2010 [35]. A cylindrical specimen with a height-to-diameter ratio of 
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1 is concentrically placed between two cylindrical steel punches with a diameter 
equal to a quarter of that of the specimen.  
 
A constant relative displacement rate of 0.5 mm/min is applied to the punches. 
This produces a localized compression at the top and bottom faces, causing 
tensile stresses inside the specimen. When the tensile stresses reach the tensile 
strength of the cementitious matrix, radial cracks appear. An increment of the 
crack opening occurs as the test continues under the same displacement rate. A 
circumferential extensometer placed around the specimen at its mid-height 
measure the total circumferential opening displacement (TCOD) produced by the 
cracks during the test [36].  
 
The DEWS test is conducted with a prismatic specimen. First, triangle shaped 
grooves are executed at the top and bottom faces of the specimen and brass 
plates are glued to the surfaces of the groove. The compression is introduced by 
steel rollers placed in each groove that receive a constant relative displacement. 
This induces internal tensile stresses that produce radial cracking approximately 
parallel to the loading direction. LVDT installed at both sides of the specimen 
measure the crack opening displacement (COD). Although the DEWS generates 
a more determinate internal stress distribution than in the BCN test, it requires 
additional preparation and would complicate the procedure of extraction of the 
specimen in this experimental program. Therefore, the BCN test was chosen due 
to its simplicity and because of the vast experience already reported in the 
characterization of extracted cores. 
 
Modifications were introduced regarding the dimension of the specimen and the 
assessment of the TCOD specified in the UNE 83515:2010 [35] due to the 
particular characteristics of the specimens used here. The original specimen 
diameter of 150 mm was reduced to 93 mm. Consequently, the diameter of the 
steel punches was reduced from 37.5 mm to 25.0 mm in order to maintain 
approximately the proportion specified (1:4). Moreover, the circumferential 
extensometer was omitted and only the axial displacement between the plates of 
the press was assessed. Pujadas et al. [37] demonstrated that the TCOD may be 
estimated by the axial displacement between the plates of the press. Therefore, 
the test may be performed without the circumferential extensometer. The curve 
relating the load applied and the axial displacement between the plates of the 
press was obtained for each test. All modifications were previously validated in 
[36]–[38]. 
 
Two to four cracks usually appear during the BCN test [39], although one 
displays bigger opening than the others. The angle θR between the direction of 
the wider crack and the i-axis of the local coordinated system was also measured 
(See Fig. 2a). When the crack developed at just one end of the specimen (either 
the top or the bottom), a single angle was recorded. When the crack opened at 
the two ends, the average of the top and the bottom angles was calculated. 
 
As an example, the top view and the lateral view of two cores after the BCN test 
are shown in Fig. 2b. Notice that 4 radial cracks were formed at the top of 
specimen S10a parallel to the loading direction. Of those, two are aligned and 
presented the biggest opening. Although the same number of cracks appear in 
specimen S11b, only one presents the biggest opening. A difference is also 
observed regarding the crack opening at both ends of the specimen. In the case 
of specimen S10a, the main crack opens preferentially at the top end, reducing 
significantly at the bottom end. Conversely, crack opening at the top and at the 
bottom ends of sample S11b are similar and a slight displacement in the crack 
position is observed.  
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Fig. 2 a) Main crack angle (θR) measure; b) Typical cracking patterns in the BCN test. 
 
 
3. FIBRE CONTENT, DISTRIBUTION AND 
ORIENTATION 
General results for the inductive method are summarized in Table 1, including the 
average fibre content, the orientation numbers and the average global isotropy 
factor (ΩG). To simplify the interpretation of the results, the orientation numbers 
measured in the local axes of the specimen (ηi, ηj and ηk) were converted into the 
orientation numbers parallel (η||) and perpendicular (η⊥,1 and η⊥,2) to the spraying 
direction.  
 
The first line of the table indicates the average of all samples, whereas, in the 
following lines, results are grouped according with the direction or the position 
within the panel. The standard deviation (s.d.) and the number of specimens 
(n.s.) for each group are also indicated. An ANOVA analysis was performed with 
the results to identify if the differences observed were statistically significant. A 
reference significance level of 0.05 was defined for this analysis. Therefore, 
differences are considered statistically significant only if p-values smaller than 
0.05 are estimated in the ANOVA analysis. 
 
Table 1 Fibre content and orientation results 
 n.s.  Fibre content 
[kg/m3] 
 Orientation  
numbers 
 Isotropy 
factor 
   Average s.d.  η|| s.d. η⊥,1 s.d. η⊥,2 s.d.  ΩG s.d. 
Total 14  26.4 4.5  - - - - - -  - - 
P cores 6  24.4 4.1  0.15 0.09 0.60 0.03 0.65 0.03  0.23 0.14 
S cores 8  27.8 4.5  0.21 0.08 0.65 0.02 0.57 0.03  0.33 0.13 
S Bottom 4  30.9 3.8  0.20 0.07 0.65 0.01 0.57 0.04  0.31 0.11 
S Top 4  24.8 2.7  0.22 0.10 0.64 0.03 0.57 0.03  0.35 0.17 
P Exterior 3  23.4 3.3  0.09 0.09 0.61 0.03 0.65 0.04  0.14 0.14 
P Interior 3  25.5 5.4  0.21 0.06 0.58 0.03 0.65 0.00  0.32 0.09 
 
3.1. Fibre content 
The average fibre content for all samples tested was 26.4 kg/m3. This indicates a 
reduction of 3.6 kg/m³ (12%) regarding the nominal fibre content added to 
concrete prior to spraying. Such variation could be attributed to the influence of 
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the rebound and to local variation of the fibre content in the concrete mass. The 
only work found in the literature about the fibre content and distribution in 
sprayed concrete was conducted by Robins et al. [13] who used x-ray images of 
extracted specimens. The authors observed a reduction in the fibre content below 
the original nominal value of concrete, which is consistent with the findings from 
the present study.  
 
Although the average fibre content in cores aligned with the spraying direction (S 
cores) is 13.9% bigger than that of cores perpendicular to spraying direction (P 
cores), a p-value of 0.172 is obtained, showing that differences are not 
statistically significant. Since the material is approximately in the same region of 
the panel regardless of the direction of extraction, no clear difference is observed. 
An analogous conclusion comes from the comparison of the fibre content of P 
specimens depending on their position.  Negligible difference exists between 
those located closer to the exterior of the panel (P Exterior) and those located 
closer to the interior of the panel (P Interior), as p-values of 0.596 are obtained. 
Conversely, a significant difference in the fibre content is found depending on the 
position of specimens along the thickness. Those located closer to the mould 
surface (S Bottom) have an average fibre content 24.6% higher than the obtained 
for those farther from the mould surface (S Top), with a p-value of 0.040. In other 
words, more fibres are expected close to the substrate.  
 
An in depth analysis of the results by Robins et al. [13] suggest a nearly uniform 
fibre distribution along the thickness and in the plane perpendicular to it. Although 
this is consistent with the findings presented here about the influence of the in-
plane position, it does not agree with the observed along the thickness. Notice 
that Robins et al. [13] characterized 7.5 cm thick layers, in contrast with the 
approximately 18.6 cm layers used here. The variation in the geometry of the 
sample and in the technique used to quantify the fibre content could justify the 
differences observed between both studies in this matter. 
 
To understand why the influence of the position appears along the thickness but 
not along the perpendicular plane, the distance regarding the surface of the 
mould should be considered. S specimens were extracted as close as possible 
to the mould, while P specimens were at least at least 20 cm apart from the 
lateral side of the mould since the edges of the panel had to be removed (see 
section 2.1). Therefore, the influence of the moulds in terms of the rebound 
should be more noticeable along the thickness due to the proximity.  
 
The bigger fibre content found close to the surface could suggest an increase of 
the fibre rebound as the spraying gets farther from the surface of the mould. 
Nevertheless, this reasoning contradicts common knowledge about the spraying 
process. In fact, the placement of the first layers close to the surface of the 
metallic mould should be subjected to a bigger rebound due to the impact of 
particles directly at a solid surface. Once the first layers of sprayed concrete are 
placed, they should act as a softer bedding that favours the retention of incoming 
sprayed material. Consequently, the rebound should be smaller in the following 
layers if the execution procedure is maintained.  
 
In this context, the finding described here cannot be justified solely by a variation 
of the fibre rebound with the thickness. Instead, it could be a consequence of a 
differential rebound of the components of the concrete mix. As mentioned 
previously, the rebound occurs mainly in coarser fraction of the aggregates and 
the fibres as a result of their size and shape. However, the intensity of the 
phenomenon in each material could differ along the thickness. Due their bigger 
weight and more rounded shape, aggregate particles would be more likely to 
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rebound in the initial stages of the spraying process when they impact at the solid 
metallic mould. On the contrary, the low mass and the stretched shape of the 
fibres would make it more likely to be retained by the incoming sprayed material 
in this stage. If this happened, a bigger proportion of coarse aggregate would 
rebound so that, proportionally, the content of fibre in the layer could increase.  
 
Once the first sprayed layers are formed over the surface, the rebound of the 
coarse aggregate would reduce as the kinetic energy of the particles would be 
converted into a plastic deformation of the existing layer instead of kinetic energy 
moving particles backwards. This reduction in rebound would be less evident in 
the case of the fibres. Therefore, after the first layers are placed, the rebound of 
the aggregates should reduce more than that of the fibres. Since coarser 
aggregate would occupy a bigger volume of the new layers of concrete, 
proportionally less fibre would be present. Further experimental work is required 
to evaluate this hypothesis. 
 
3.2. Fibre orientation 
Table 1 presents the orientation numbers calculated in different directions. 
Similar average values are obtained for the two directions perpendicular to the 
spraying (η⊥,1 and η⊥,2), both being close to 0.60. This indicates the absence of 
preferential orientations among the axes perpendicular to the spraying direction. 
On the contrary, the orientation number parallel to the spraying direction (η||) is 
close to 0.2, i.e. nearly 3 times smaller than the found perpendicular to the 
spraying direction.  
 
This indicates a strong preferential orientation of the fibres, which tend to assume 
a position perpendicular to the spraying direction and parallel to the wall of the 
moulds. When one of the ends of the fibres impact against the substrate, the 
remaining quantity of movement favours a spin of the other end towards an 
arrangement parallel to the sprayed layer. This movement is also favoured by the 
impact of incoming material from the following layers. 
 
The difference between η|| and η⊥ is maintained in specimens extracted near the 
mould (S bottom) and farther from it (S top), revealing that the preferential 
orientation appears regardless of the position along the thickness. The global 
isotropy factor (ΩG) assessed with Eq. 3 confirms that a strong fibre preferential 
orientation exists in all specimens characterized. Average values below 0.35 
were obtained. Consequently, the specimens are closer to perfect anisotropy 
(ΩG = 0) than to perfect isotropy (ΩG = 1).  
 
Fig. 3a shows the curves of the orientation profile measured in planes parallel 
and perpendicular to the spraying direction, which were obtained for the local ij 
planes of specimens P and S, respectively. To facilitate the comparison, the 
curves were shifted to make the maximum orientation number coincide with the 
angle θ equal to 0°. Grey areas indicate the range of curves for each plane.  
 
Results confirm that the orientation number is nearly uniform in all axes 
perpendicular to the spraying direction, showing similar values of ηmin and ηmax. 
The opposite occurs in the plane parallel to the spraying direction. The curves 
reveal a small proportion of fibres aligned with the 90° angle (parallel to the 
spraying direction) and a significant amount of fibres aligned with the 0° angle 
(perpendicular to the spraying direction). In this last case, ηmax is several times 
bigger than ηmin. Such outcome corroborates the previous observations. 
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Fig. 3 Fibre orientation profile. 
 
4. RESIDUAL TENSILE BEHAVIOUR 
4.1. General mechanical results 
Three main phases can be distinguished in terms of the behaviour of the 
specimen during the BCN test. In phase 1, the load applied is transmitted through 
the matrix without the formation of cracks. Phase 2 initiates once the tensile 
strength of the matrix is reached and cracks are formed. In Phase 3 all cracks are 
formed and the different parts of the sample are pushed apart. A detailed 
description of the fracture mechanics of the BCN test is presented in [37].  
 
Table 2 shows the maximum load (Fmax), the load at 0.02 mm of axial 
displacement of the piston of the press (F0,02) and the load at 2.66 mm of axial 
displacement of the piston of the press (F2,66). Notice that F0,02 and F2,66 are 
related with the stress level in Phase 3 of the BCN test. 
 
No significant difference is found in the comparison of Fmax depending on the 
direction of the specimen (P and S), the position along the thickness (S Bottom 
and S Top) and the position in the plane perpendicular to the spraying direction 
(P Exterior and P interior). In all cases, p-values are above 0.05. According with 
[40], Fmax is mainly related with the mechanical characteristics of the cementitious 
matrix for fibre contents below 1% by volume. Since the matrix is nearly the same 
in all specimens, similar results are obtained, regardless of the changes in fibre 
orientation. 
 
The potential influence of the fibre orientation is observed in the post-cracking 
stage, when they are responsible for bridging the cracks and providing residual 
bearing capacity. In line with that, the average F0,02 in S specimens is 3.2 times 
bigger than that of P specimens, with a p-value of 0.00. These specimens are 
loaded and present radial cracks parallel to the spraying direction. As described 
in the previous section, fibres tend to align perpendicular to the spraying 
direction, hence bridging the radial cracks in the S specimen. Conversely, at least 
one of the crack surfaces observed during the BCN test of P specimens could 
form high angles (close to 90°) with the spraying direction. Such surface would 
approximate the plane of preferential fibre orientation, which implies a significant 
reduction of the number and the efficiency of the fibres bridging the cracks in the 
case of P specimens. 
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Table 2 Representative load results for the mechanical tests. 
 n.s.  Fmax    F0,02    F2,66 
  
   Av. 
[kN] 
s.d. 
[kN] 
C.V. 
[%] 
 Av. 
[kN] 
s.d. 
[kN] 
C.V.  
[%] 
 Av. 
[kN] 
s.d. 
[kN] 
C.V.  
[%] 
P cores 6  57.3 20.7 36.1  14.7 6.6 45.1  1.5 1.0 69.3 
S cores 8  68.1 5.6 8.2  47.1 5.8 12.4  5.5 2.6 47.8 
S-Bottom 4  68.1 5.6 8.3  47.8 3.0 6.3  6.6 3.3 49.8 
S-Top 4  68.0 6.3 9.3  46.5 8.3 17.9  4.5 1.6 36.6 
P-Exterior 3  46.6 25.9 55.5  19.5 2.2 11.3  1.5 0.7 46.4 
P-Interior 3  68.0 7.4 10.8  9.9 6.0 60.3  1.5 1.5 101.3 
 
The difference in the residual tensile behaviour should increase as the crack 
opening grows and the fibres are activated. For instance, F2,66 in S specimens is 
3.7 times bigger than that of P specimens, with a p-value of 0.00. These results 
confirm that the strong anisotropy in the fibre distributions produces an equally 
strong anisotropy in the mechanical post-cracking response of SSFRC depending 
on the direction of characterization.    
 
The assessment of the influence of the position along the thickness (S Bottom 
and S Top) and the position in the plane perpendicular to the spraying direction 
(P Exterior and P interior) yield p-values above 0.05. In other words, no 
statistically significant difference was observed in any of the residual tensile 
forces analysed. This is in line with the findings of fibre orientation described in 
section 3.2 that indicate negligible variation in the fibre orientation depending on 
the position inside the panel.  
 
Fig. 4 shows the load-axial displacement curves for the BCN test for S specimens 
and P specimens. Only the post-cracking stage (Phase 3) is represented in order 
to simplify the assessment of the mechanical anisotropy. The displacement 
values were offset to start at 0.0 mm after the first crack. Shaded areas indicate 
the range of individual values, with the average for each specimen in continuous 
line.  
 
 
Fig. 4 Load–axial displacement. 
 
The difference in behaviour depending on the direction of characterization 
appears along the whole extent of axial displacement measured, confirming the 
anisotropy in the mechanical response. The better performance in terms of load 
resisted and energy absorbed when the cracks appear parallel the spraying 
direction (S specimens) is favourable in the majority of sprayed concrete 
structures. In fact, these structures are normally loaded perpendicular to their 
12 
surface, i.e. nearly parallel to the spraying direction. This produces a cracking 
patter similar to the observed in S specimens, which maximizes the contribution 
of the fibres to the residual tensile response. 
 
5. CORRELATION BETWEEN FIBRE ORIENTATION 
AND MECHANICAL RESULTS 
In this section, the mode of failure for the specimens is further analysed, 
illustrating how the fibre anisotropy affects the cracking pattern in the BCN test. 
First, the angle of the main crack is related with the fibre orientation. Then, the 
strength is correlated with the orientation number in the plane of cracking. 
 
5.1. Influence of fibre orientation on main crack direction 
Fig. 5 shows for each specimen tested the relation between the angle difference 
(Δθ) and the local isotropy factor (ΩL) in the ij-plane, which is  perpendicular to 
the cracks in the BCN test. The Δθ is defined as the absolute difference between 
the angle of the main crack (θR) in the BCN test and the angle for the maximum 
fibre orientation (θmax) in the inductive method, as represented by Eq. 4 and 
illustrated by Fig. 8. Notice that the same local coordinate system is used to 
assess all angles in order to avoid inconsistencies. 
 
maxθθθ −=∆ R  Eq. 4 
 
Specimens with high local anisotropy in plane perpendicular to the cracks (P, 
which showed ΩL < 0.6) have Δθ ranging from 0 to 20°. On the contrary, 
specimens with low local anisotropy (S, which showed ΩL > 0.6) have Δθ ranging 
from 0 and 55°. This means that the relation between the direction of cracking 
and the direction with the highest orientation number is more evident in 
specimens with high anisotropy, extracted perpendicular to the spraying direction. 
  
 
Fig. 5 Relation between angle difference and isotropy factor in the ij-plane (plane 
perpendicular to the cracks) of each core. 
 
This behaviour could be attributed to two factors. On the one hand, as the 
sprayed concrete is built up in successive accumulative layers, the contact 
between layers may present a slightly weaker plane, where the crack is more 
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likely to initiate and propagate. On the other hand, the preferential fibre 
orientation perpendicular to spraying direction lead to planes with less capacity to 
control micro-crack propagation. Once the cracks are formed, the presence of a 
smaller number and less efficiently oriented fibres favours the opening through 
these planes perpendicular to the spraying direction.  
 
 
This suggests that the result from the BCN test takes into account the anisotropy 
of the fibre distribution. Unlike other procedures, the crack formation is not 
localized in a specific position of the specimen so that cracks may form and open 
at the weakest sections.  
5.2. Load vs orientation number 
Fig. 6a shows the relation between the residual load measured with the BCN test 
and the orientation number in the radial direction orthogonal to the main crack 
(ηE) for the same specimen. An R² of 0.89 is observed in the linear regression 
with the results of F0,02. The residual tensile strength is influenced by the 
orientation of fibres crossing the crack, which is directly correlated with the 
orientation number [20]–[22]. For larger displacements (F2,66), although the 
tendency remains, the correlation is less clear (R2=0,47), partially because the 
absolute values of residual strengths are much smaller. Fig. 6b shows the 
relation between residual loads and the orientation number in the direction of 
minimum fibre contribution (ηmin). The correlation and the observation are 
analogous to the ones described for ηE.  
 
 
Fig. 6 Relations between residual load, orientation number perpendicular to the main 
crack and the minimum orientation number. 
 
 
Fig. 6c presents the relation between ηE and ηmin. Since the main crack in the 
BCN test tends to open perpendicular to the direction with smallest fibre content, 
ηE is well correlated with ηmin, showing an R² of 0.98 and a slope that approaches 
the equality. This means that the ηmin estimated with the inductive method may be 
taken as a reference for the ηE perpendicular to the plane that will present the 
main crack in the BCN test. 
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6. CONCLUSIONS 
The following conclusions are derived based on the results and analysis 
presented in this study. 
 
• In general, the fibre content of the sprayed panel is smaller than the 
nominal content placed in the concrete. This is attributed to the rebound 
of the fibres, which in this case was of approximately 13% by weight of 
the initial nominal content. 
 
• The fibre content is not affected by the direction or the position along the 
plane of the sprayed layer from which specimens are extracted. On the 
contrary, results suggest that the position along the thickness may induce 
variations in the fibre content. This parameter was 24.6% bigger in 
specimens extracted closer to the surface of the mould in comparison to 
those farther from the same surface. The main cause may be related with 
the differential rebound of the fibres and the coarse aggregate in the first 
layers of concrete placed close to the mould. Additional studies are 
required to confirm or reject this hypothesis. 
 
• A strong preferential orientation of the fibres occurs as a result of the 
shearing conditions of the spraying process. Fibres tend to spin and align 
perpendicularly to the spraying direction. Results indicate that the 
orientation number perpendicular to the spraying direction is 3 times 
bigger the orientation number parallel to the spraying direction. No 
significant influence of the position of the specimen along the thickness or 
in the in-plane position was found. 
 
• A strong anisotropy in the tensile residual response is observed due to the 
preferential orientation of the fibre depending on the direction of the 
characterization. Specimens loaded parallel to the spraying direction 
show residual load around 3.5 bigger than those loaded perpendicular to 
the spraying direction. Such anisotropy should be considered in the 
structural design of sprayed concrete elements, especially if cracks 
perpendicular to the spraying direction are expected. 
 
• The direction of the main cracks formed in the BCN test tends to 
approximate the direction with the smallest orientation number measured 
with the inductive method. This shows that the BCN test is sensible to the 
weakest cracking plane. The combination of both methods using the 
same specimen provides valuable information to estimate and understand 
the behaviour of fibre reinforced concrete, especially in case of 
applications through spraying. 
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